Fregosi RF. Influence of tongue muscle contraction and transmural pressure on nasopharyngeal geometry in the rat. J Appl Physiol 111: 766 -774, 2011. First published June 30, 2011 doi:10.1152/japplphysiol.01501.2010.-The mammalian pharynx is a hollow muscular tube that participates in ingestion and respiration, and its size, shape, and stiffness can be altered by contraction of skeletal muscles that lie inside or outside of its walls. MRI was used to determine the interaction between pharyngeal pressure and selective stimulation of extrinsic tongue muscles on the shape of the rat nasopharynx. Pressure (Ϫ9, Ϫ6, Ϫ3, 3, 6, and 9 cmH2O) was applied randomly to the isolated pharyngeal airway of anesthetized rats that were positioned in a 4.7-T MRI scanner. The anterior-posterior (AP) and lateral diameters of the nasopharynx were measured in eight axial slices at each level of pressure, with and without bilateral hypoglossal nerve stimulation (0.1-ms pulse, 1/3 maximal force, 80 Hz). The rat nasopharynx is nearly circular, and positive pharyngeal pressure caused similar expansion of AP and lateral diameters; as a result, airway shape (ratio of lateral to AP diameter) remained constant. Negative pressure did not change AP or lateral diameter significantly, suggesting that a negative pressure reflex activated the tongue or other pharyngeal muscles. Stimulation of tongue protrudor muscles alone or coactivation of protrudor and retractor muscles caused greater AP than lateral expansion, making the nasopharynx slightly more elliptical, with the long axis in the AP direction. These effects tended to be more pronounced at negative pharyngeal pressures and greater in the caudal than rostral nasopharynx. These data show that stimulation of rodent tongue muscles can adjust pharyngeal shape, extending previous work showing that tongue muscle contraction alters pharyngeal compliance and volume, and provide physiological insight that can be applied to the treatment of obstructive sleep apnea.
nated action of all extrinsic and all intrinsic tongue muscles, in accordance with the muscular hydrostat theory of tongue movement (43) .
In anesthetized rats, coactivation of the extrinsic muscles stiffens the pharynx (3, 20) , while activation of the extrinsic or intrinsic muscles increases pharyngeal airway volume (4, 17, 20, 45) . Thus extrinsic and intrinsic tongue muscles play an important role in modulating the size and stiffness of the pharyngeal airway. However, far less is known about the influence of extrinsic tongue muscle activation on the shape of the nasopharynx. A recent study (28) greatly advanced our understanding of the influence of extrinsic tongue muscle activation on the shape of the feline airway. However, airway diameter was measured with fiber-optic laryngoscopy, which is excellent for regional evaluation but is prone to artifacts, because it is a two-dimensional technology (22) . Artifacts include inherent barrel distortion, which prevents accurate perception and measurement of the distance between structures of interest, as well as movement artifact, which in the present application could present a particularly vexing problem, inasmuch as the pharynx and tongue move considerably during tongue muscle stimulation. In two recent studies, one in cats (9) and the other in rats (11) , changes in shape of the pharynx with tongue muscle stimulation were examined using MRI, but the effect of stimulating retractor muscles or coactivating protrudor and retractor muscles was not examined in either study (9) . Thus the means by which contraction of the extrinsic tongue muscles influences upper airway shape in mammals is not completely understood. In the present study, a rodent model used in previous studies (4, 12, 45) is employed to explore the role of extrinsic tongue muscle activation on the shape of the nasopharynx, as revealed with MRI. On the basis of previous work showing that coactivation of tongue protrudor and retractor muscles stiffens the airway, coupled with theoretical results showing that contraction of the genioglossus muscle increases upper airway flow while making the pharynx more circular (31) , our hypothesis is that coactivation of protrudor and retractor muscles will make the airway more circular, with independent activation of the medial or lateral branches having less affect. As with all collapsible tubes, the shape of the nasopharynx also depends on transmural pressure, with negative pressure tending to collapse it and positive pressure tending to expand it. Accordingly, an additional goal is to explore in detail the interactions between tongue muscle activation and transmural pressure on the shape of the nasopharynx.
METHODS
Animal preparation. Eighteen male Sprague-Dawley rats [324.6 Ϯ 10.8 (SE) g body wt] were used for the study. All methods were approved by the Institutional Animal Care and Use Committee at the University of Arizona. The experimental preparation is described in detail elsewhere (4, 17, 45) , and the data reported here were obtained from these earlier experiments. The data published previously focused on regional pharyngeal compliance changes with tongue muscle stimulation (45) and on localization of the most collapsible segment of the oral and nasal part of the velopharynx (17) ; in the present study, the focus is exclusively on changes in airway shape with stimulation of the whole hypoglossal nerve or of its medial or lateral branches. The experimental model used for this study and the earlier studies is shown schematically elsewhere (see Fig. 1 in Ref. 45) .
Animals were anesthetized with urethane (1.2 g/kg iv) and breathed through a tracheotomy tube. A second tracheotomy was made ϳ5 mm caudal to the vocal folds, through which a nonmagnetic pressure transducer (Millar Instruments) was advanced rostrally to a point ϳ3-5 mm caudal to the left naris to measure nasopharyngeal pressure. The left naris remained open to allow airflow; the right naris was sealed with Super Glue. A catheter was advanced through the same tracheotomy to a point just rostral to the vocal folds (i.e., in the hypopharynx) and connected in series to a pressure or vacuum source and a second differential pressure transducer (model DP45-28, Validyne), which provided an estimate of the pressure applied at the hypopharynx. Since the purpose of this study was to examine the influence of pharyngeal transmural pressure and tongue muscle activation on airway shape, comparisons at fixed levels of transmural pressure were necessary. Accordingly, in each animal, the nasopharyngeal pressure was set to six dynamic pressure levels (Ϫ9, Ϫ6, Ϫ3, 3, 6, and 9 cmH 2O) by application of suction (via a vacuum source) or positive pressure (compressed air) to the hypopharyngeal catheter. The range of negative pressure values chosen is similar to those encountered physiologically, based on previous measurement of transpulmonary pressure in the rat in eupnea and hypercapnia (7) . The positive pressure values were equal and opposite to these values, inasmuch as, in pilot studies, an increase to Ͼ9 cmH2O caused no additional pharyngeal dilation. Baseline measurements at atmospheric pressure and under static conditions (i.e., no flow through the isolated nasopharynx) were also made. Although the nasopharynx remained open at all pressure levels tested, different levels of hypopharyngeal pressure were needed to reach the target pressures within and between experiments. The duration of pressure application corresponded to the duration of imaging time, ϳ2 min. The application of each pressure level was fully randomized, and all pressure levels were studied in each animal, once with and once without stimulation of the hypoglossal nerves or its main branches.
Platinum wire electrodes, which minimize ferromagnetic distortion (35) , were placed around the main trunk of the hypoglossal nerves bilaterally (activation of all tongue muscles). The electrodes were embedded in polyethylene tubing, which was hemisected, forming a "boat," which allowed a snug fit around the nerve while also insulating the surrounding tissues from current spread (12) . To study the effects of protrudor muscle activation, the lateral branches were cut, and to study retractor muscle activation, the medial branches were cut (45) . The effectiveness of stimulation was documented before the animal was placed in the magnet, and necessary adjustments were made, as described previously (45) . Briefly, the tip of the tongue was attached by string to a force transducer (model F10, Grass), and the current applied to the nerves was slowly increased until protrusion (medial branch stimulation) or retraction (whole nerve or lateral branch stimulation) force was maximal (19) . The threshold was defined as the lowest current that caused visible tongue movement (12, 45) , and the current above which tongue protrusion or retraction appeared to be maximal defined the maximal current level. A stimulus level of one-third to one-half maximal was used for subsequent stimulation trials (range 50 A-5 mA).
MRI protocol. After satisfactory placement of the stimulating electrodes, rats were placed supine on a Plexiglas platen, which secured the head via modified ear bars and a tooth clamp that fixed the superior incisors, as described previously (10, 17, 45) . The tip of the tongue was sutured to a small rubber band, positioned at the level of the superior incisors, and attached to the platen. This helped return the tongue to its initial position following stimulation. The platen allowed head position to be maintained within an experiment and standardized across experiments, so that the influence of pressure and muscle stimulation was not the result of movement artifacts or differences in airway position relative to the isocenter of the imaging coil. After satisfactory positioning and head stabilization, rats were placed in a MRI scanner (Bruker Instruments, Billerica, MA) ( Fig. 1) and positioned so that the pharyngeal airway was at the isocenter of the gradient coil (4, 12, 45) . The electrode lead wires were twisted, shielded, and passed outside the magnet, where they were connected to a stimulator (model S88, Grass) via separate constant-current stimulus isolation units (model PSIU6, Grass). Nerves were stimulated with 0.1-ms pulses at 90 Hz. The MRI protocol involved two sequences: gradient echo fast imaging (GEFI) and rapid acquisition with relaxation enhancement (RARE), as described in detail previously (4, 12, 17, 45) . GEFI images were used to visualize tongue movements, to optimize stimulus current levels, and to check the viability of the nerve preparation before and after each set of RARE images was obtained. The settings used for GEFI imaging were as follows: TE ϭ 6.8 ms, TR ϭ 20 ms, flip angle ϭ 30°, number of excitations ϭ 1, field of view ϭ 8 ϫ 8 cm, matrix size ϭ 128 ϫ 128 lines. The GEFI protocol yielded a temporal sequence of 12 images, with each image requiring ϳ4 s. Nerve stimulation was delivered during a discrete, 16-s interval that was bracketed by two 16-s intervals without stimulation. This provided four serial images without stimulation, four with stimulation, and four after stimulation. (For an example of a GEFI sequence with whole hypoglossal nerve stimulation, see http:// www3.physiology.arizona.edu/labs/rnlab/GEFI.mov, and hit the "play" button to see how the tongue moves with stimulation.)
The RARE technique was used in concert with a stimulus-gated acquisition protocol to obtain axial images of the velopharynx during pressure application, with and without stimulation, achieved by triggering the acquisition software with the stimulator output pulse (4, 12, 17, 45) . A 1.7-s stimulus train was delivered every 5 s, resulting in a duty cycle (stimulus on/stimulus off) of 34%. MRI data were collected during the stimulus period by triggering the acquisition software with the stimulator output pulse. Acquisition began 50 ms after the onset of stimulation to allow the muscle to shorten before image acquisition (3). The same protocol was used to obtain baseline images, except in this case the electrode wires were disconnected from the stimulus isolation unit and, therefore, no current was delivered to the muscle nerves. Settings for the RARE protocol were as follows: TE ϭ 6.8 ms, TR ϭ 5 s, field of view ϭ 3.2 ϫ 3.2 cm, matrix size ϭ 128 ϫ 128 lines. This resulted in the collection of 8 of the 128 lines of data during each TR period (i.e., excitation train length ϭ 8). Two excitation periods were used at each pressure, yielding a total imaging time of 160 s [128 lines ϫ 2 excitations ϫ 5 s TR/8 (excitation train length)]. Data analysis. As described previously (5, 10, 17, 45), a threshold method was used to differentiate the airway from the surrounding tissues using the software program ImageJ (formerly called NIH Image). All the analyses were performed by a laboratory technician who was blinded to the different experimental conditions. With use of a representative sample of axial images, the minimum, maximum, and standard deviation (SD) of the mean pixel values were measured from a region of the black space at the outer boundary of the image. To account for noise in the image, the SD for the black space was subtracted from the minimum pixel value of the black space, and this difference was used as the threshold that differentiated true black space (airways) from tissue surrounding the airway. If the airway could not be isolated using the threshold values, a boundary was inscribed manually to connect the established edges along the curvature of the airway. Then a subprogram within ImageJ was used to compute the lateral and anterior-posterior (AP) diameters within these estimated airway boundaries.
In several experiments, the oropharynx was closed caudally (OP in the sagittal image in Fig. 1 ), so the quantitative analyses are focused on the nasopharyngeal airway (NP in Fig. 1 ). Eight consecutive 1-mm-thick axial slices were analyzed starting at the caudal edge of the soft palate (e.g., axial image in Fig. 1 ) and moving rostrally to the hard-soft palate transition (see vertical lines in the sagittal image of Fig. 1 ). The four most-caudal and four most-rostral segments were used to divide this segment of the nasopharynx into caudal and rostral segments, respectively. Since measurements on the four rostral and four caudal slices did not vary systematically, data were averaged across the four rostral and four caudal slices, and these average values were used to represent the rostral and caudal nasopharynx, respectively. Averaging also allowed us to avoid potential errors that could result from image distortion in some slices due to slight differences in the angle of each slice relative to the airway long axis (see DISCUS-SION) . The influence of whole nerve (n ϭ 6), medial branch (n ϭ 6), and lateral branch (n ϭ 6) stimulation on AP diameter, lateral diameter, and the lateral-to-AP diameter ratio for each axial image was measured. A lateral-to-AP diameter ratio of 1.0 indicates that the airway is circular, a ratio Ͼ1.0 is consistent with a larger AP than lateral diameter, and a ratio Ͻ1.0 indicates that the lateral axis exceeds the AP axis. All pressure and stimulation/no-stimulation trials were randomized. Results were analyzed with two-way repeatedmeasures ANOVA (GraphPad Prism Software, San Diego, CA), with pressure and stimulation/no-stimulation as the main factors. P Յ 0.05 was considered significant for all tests.
RESULTS
Whole hypoglossal nerve stimulation. Representative MRIs showing the effects of pharyngeal pressure and nerve stimulation on the nasopharyngeal airway are shown in Fig. 2 . Average data on AP diameter, lateral diameter, and lateral-to-AP diameter ratios of the rostral and caudal nasopharynx as a function of pharyngeal pressure and bilateral stimulation of the whole hypoglossal nerves are shown in Figs. 3-5, top. Results of the two-factor ANOVA for each variable are provided in Table 1 . There were significant effects of hypoglossal nerve stimulation and pharyngeal pressure on AP diameter, lateral diameter, and the lateral-to-AP diameter ratio, but the interaction between pressure and stimulation was not significant for any of the three outcome variables ( Table 1 ), indicating that the influence of stimulation was independent of pharyngeal pressure. Visual examination of the data shows that stimulation increased AP diameter in the caudal nasopharynx at all pressures, with a small effect at negative pharyngeal pressures in the rostral nasopharynx (Fig. 3, top) . Hypoglossal nerve stimulation increased lateral diameter in the caudal nasopharynx at negative airway pressures (Fig. 4, top) , but by a modest amount compared with the effects on AP diameter. As a result, stimulation decreased the lateral-to-AP diameter ratio of the caudal nasopharynx at positive and negative pharyngeal pressures (Fig. 5, top) , indicating that enlargement of the caudal nasopharynx by whole hypoglossal nerve stimulation was due primarily to expansion in the AP dimension.
Stimulation of the medial hypoglossal nerve branches. Effects of medial hypoglossal nerve branch stimulation and pharyngeal pressure on AP diameter, lateral diameter, and lateral-to-AP diameter ratios in the rostral and caudal nasopharynx are summarized in Figs. 3-5 (middle) . The results of the two-factor ANOVA for each variable are provided in Table 2 . Pharyngeal pressure and medial nerve branch stimulation had significant effects on AP and lateral nasopharyngeal diameters (Table 2, Figs. 3 and 4) , but there was no interaction between stimulation and pressure for either variable (Table 2) . Stimulation increased AP diameter in the rostral nasopharynx at atmospheric pressure and at moderately negative pressures, but not at extreme negative or positive pharyngeal pressures (Fig.  3) . In contrast, the AP diameter of the caudal nasopharynx increased with stimulation at all negative pressures examined and also at atmospheric and slightly positive pressures. Lateral diameter of the rostral nasopharynx was uninfluenced by stimulation and negative pharyngeal pressure (Fig. 4) , although positive pressure slightly increased lateral diameter. Positive pressure caused marked increases in the lateral diameter of the caudal nasopharynx, but negative pressure had little effect (Fig. 4) . Medial hypoglossal nerve branch stimulation increased lateral diameter at atmospheric and negative pharyngeal pressures but had no effect at positive pressures (Fig. 4) . There was a significant influence of stimulation on the lateral-to-AP diameter ratio (Fig. 5) , but the influence of pressure was not significant ( Table 2) . Examination of data for the rostral nasopharynx shows that stimulation reduced the lateral-to-AP diameter ratio at atmospheric and at moderately negative pharyngeal pressures, but not at positive pressures (Fig. 5) . The lateral-to-AP diameter ratio of the caudal nasopharynx fell with stimulation at positive and negative pressures, consistent with larger change in AP than lateral diameter with stimulation (Fig. 5) .
Stimulation of the lateral hypoglossal nerve branches. The influence of bilateral stimulation of the lateral hypoglossal nerve branches and changes in pharyngeal pressure on AP and lateral nasopharyngeal diameters was significant (Table 3 , Figs. 3-5, bottom) , but the interaction between stimulation and pressure was not significant for either variable. As shown in Fig. 3 , AP diameter in the rostral nasopharynx increased with positive pressure, with small but consistent reductions evoked by stimulation of the lateral branches at all pressures. Positive pressure expanded the caudal nasopharynx, but negative pressure was without effect. Stimulation had no influence on caudal nasopharyngeal AP diameter at positive pressures but increased it at negative pressures (Fig. 3) .
Positive pressure had only a small effect on the lateral diameter of the rostral nasopharynx (Fig. 4) , and negative pressure was without effect, while stimulation caused slight constriction of this region at negative pharyngeal pressures. Positive pressure increased lateral diameter in the caudal nasopharynx, but stimulation and negative pressure were without apparent effect. Consistent with the small effects of lateral branch stimulation on AP and lateral nasopharyngeal diameters, the lateral-to-AP diameter ratio was not altered significantly by pressure or stimulation (Table 3 , Fig. 5 ). 
DISCUSSION
Positive pharyngeal pressure caused similar expansion of AP and lateral diameters of the nasopharynx in all experiments, and as a result airway shape remained constant. Interestingly, negative pharyngeal pressure did not change AP or lateral diameter (and, thus, airway shape), suggesting that pharyngeal muscles, including the tongue muscles, were activated by a negative pressure reflex that prevented nasopharyngeal constriction (but see below). Also, stimulation of tongue protrudor muscles alone or coactivation of protrudor and retractor muscles caused greater AP than lateral expansion, thus making the shape of the nasopharynx slightly more elliptical, with the long axis in the AP direction. These effects tended to be more pronounced at negative pharyngeal pressures and greater in the caudal than the rostral nasopharynx. Thus the tongue muscles play a major role in adjusting nasopharyngeal dimensions in the rat, consistent with previous work in cats (9, 28) and humans (38, 39) .
Critique of methods. Although anatomic differences between the rat and human pharynx are discussed in detail elsewhere (4, 12, 17, 45) , there are a few matters that have not been discussed previously. 1) It is not known whether highintensity stimulation of the muscle nerves damaged the nerve or muscle. Although these tissues were not histologically examined, GEFI analysis ensures that the extent of tongue movement at the beginning and end of the study was approximately the same. However, to match the movement over the course of these long experiments, it was often necessary to adjust stimulation intensity, suggesting that muscle fatigue, or even tissue damage, may have occurred. However, the damage was never severe enough to eliminate the ability to evoke consistent tongue movements. Moreover, the trials were randomized across pressure levels and within stimulation and no-stimulation conditions, so that these effects, if present, did not influence the data systematically. 2) Image distortion occurs as a result of the complex ferromagnetics that accompany metallic structures in the MRI scanner. As described in METH- ODS, image distortion was minimized by using platinum wires and by twisting the lead wires. In addition, the use of brief trains of stimulation, with each train triggering an image (effectively, a brief "snapshot"), followed by the averaging of many such snapshots, also minimized image distortion.
3) The angle of the axial MRI slices relative to the airway long axis cannot be guaranteed to be always 90°because of positional changes and tissue movement with neuromuscular stimulation. As a result, images could be distorted, contributing error to the measurements. However, I believe that these effects were minimized, because the airway in the supine rodent is fairly linear; head position was standardized with a stereotaxic frame, so that movements upon nerve stimulation were minimized, and the four rostral and four caudal slices were averaged to mitigate any influence of image distortion that may have been more or less pronounced in a single airway region. 4) Because the rats were anesthetized, there is no assurance that the findings would translate to awake or sleeping animals. It is likely that the airway in the anesthetized rat is relatively compliant and that muscle stimulation had a larger influence than one might expect in the awake or sleeping animal. In addition, the nerve branches were stimulated at 90 Hz, which is above the tetanic fusion frequency for rodent tongue muscles (21) . Earlier work showed that urethane-anesthetized rats have brisk protrudor and retractor tongue muscle activity (2, 6, 7, 19, 24, 25) , with genioglossus motor unit action potentials firing at up to 80 Hz (26) . Nonetheless, tetanic stimulation at 90 Hz evokes more intense contractions than those encountered physiologically. Thus the observations provide insight into how the tongue muscles alter nasopharyngeal airway shape under conditions of intense activation.
Influence of pharyngeal pressure on nasopharyngeal dimensions. Positive pressure consistently and significantly enlarged lateral and AP diameters in the caudal and rostral regions of the nasopharynx. As a result, the shape of the airway as estimated by the lateral-to-AP diameter ratio remained constant. This finding differs from observations in the anesthetized cat, which show that positive pressure tended to decrease this ratio, particularly in the midportion of the nasopharynx (9). However, the cat has a much more elliptical nasopharynx, with lateral-to-AP diameter ratios ranging from 2-8 compared with 0.8 -1.5 in the rat (compare Fig. 5 in the present study with Fig.  4 in Ref. 9). In contrast, negative pressure failed to narrow or change the shape of the nasopharynx, suggesting that pharyngeal muscles were activated by the negative pressure reflex (1, 8, 13, 33, 34, 40) to maintain airway size. In the present study, For each variable, ANOVA includes data for rostral and caudal nasopharynx. the stimulating electrodes were placed on the main trunk of the hypoglossal nerve, and selective stimulation of medial or lateral branches was accomplished by section of the opposite branch. Thus, in all conditions, at least one of the tongue muscle groups was intact. Moreover, palatal and pharyngeal constrictor muscles were intact, and both muscle groups have been shown to dilate the pharynx (23, 27, 29, 30 ). Yet another possibility is that the rodent airway is sufficiently rigid that pressures as low as Ϫ9 cmH 2 O were insufficient to narrow it. In a previous study, the critical closing pressure of the rat nasopharynx averaged Ϫ19 cmH 2 O, suggesting that Ϫ9 cmH 2 O may indeed have been insufficiently negative to significantly narrow the nasopharynx. However, in those studies, the hypoglossal nerves also remained intact, so it is possible that activation of tongue and/or other pharyngeal muscles leads to an overestimation of the actual collapsing pressure. In the anesthetized cat, negative pressure caused a marked reduction in the AP diameter of the nasopharynx, leading to a substantial increase in lateral-to-AP diameter ratio (9) . However, the cats in that study were partially paralyzed, and it is very likely that negative pressure failed to elicit a reflex increase in pharyngeal muscle activity.
Compared with a circular airway, an elliptical airway brings the lateral or AP walls closer together, which in theory should make the airway more collapsible under the stress of negative transmural pressure. The lateral-to-AP diameter ratio in the rat nasopharynx was slightly less than 1.0 at atmospheric pressure, with the long axis in the AP dimension, indicating that the rodent nasopharynx is approximately circular, even under unstressed conditions. Since pressure had comparable effects on AP and lateral diameters, airway shape did not change significantly, although the trend was toward a slightly more circular airway with positive and negative pressure. Although similar studies have been done in the cat, negative pressure caused greater expansion in the lateral than the AP dimension, thus increasing the lateral-to-AP diameter ratio (9), while another study showed an increase in this ratio with negative pressure (28) . Similarly, the ratio increased with positive pressure in one study (9) but decreased in the other (28) . The reasons for the opposing results are not clear, although there were important technical differences, including fiber-optic endoscopy in decerebrate animals in one study (28) and MRI in anesthetized animals in the other (9) . The human nasopharynx is more elliptical than the rat nasopharynx, with most studies showing the long axis in the lateral dimension (14, 29, 42, 46) , although factors such as adiposity (36) , obstructive sleep apnea (32) , and differences in imaging methodology (41) can produce conflicting results. Nevertheless, the more circular pharyngeal airway in the rat is consistent with relative resistance to collapse when stressed with negative transmural pressure, compared with the human nasopharynx, which is more elliptical and collapsible in healthy subjects and more so in those with obstructive sleep apnea (15, 16, 32, 36, 38, 39, 47) . From a treatment perspective, these data suggest that focusing on interventions that make the airway more circular may be beneficial.
Stimulation of the whole hypoglossal nerve, or its medial and lateral branches, and nasopharyngeal dimensions. In the caudal nasopharynx, bilateral stimulation of the intact hypoglossal nerves or of the medial branches increased AP diameter at all pressure levels but increased lateral diameter only at negative pressures and to a lesser extent than changes in AP diameter. As a result, the lateral-to-AP diameter ratio decreased at positive and negative pressures, changing shape from more circular to slightly more elliptical, with the long axis oriented in the AP dimension. Given the discussion above, this result implies that while stimulation of the protrudor muscles alone or coactivation of protrudor and retractor muscles expands the nasopharynx, it also makes the airway more elliptical and, thus, slightly less stable. Nonetheless, the ratios were still between 0.8 and 1.1 under all conditions, so in the rat the trade-off between increased airway volume and a slightly less favorable shape appears to be physiologically advantageous, as previous work in the rat shows that stimulation of the whole hypoglossal nerve decreases the critical collapsing pressure of the pharynx from about Ϫ19 to Ϫ27 cmH 2 O (20). Interestingly, the influence of stimulating the whole hypoglossal nerves or its medial branches on rostral nasopharyngeal dimensions was limited to a small increase in AP diameter at negative pharyngeal pressures. This is consistent with earlier work in the rat, showing that the caudal nasopharynx is more compliant than the rostral nasopharynx (45) . However, over the pressure range used in these experiments, the compliance of both pharyngeal segments is about the same (see the positive pressure-diameter curves in Figs. 3-5) , suggesting that the mechanical advantage of the tongue muscles is greater in the caudal than rostral region of the nasopharynx.
Previous work in rats also showed that stimulating the medial branch of the hypoglossal nerves caused similar AP and lateral pharyngeal expansion, with no significant change in the ratio (11) . Similar experiments in cats showed that stimulation of the whole hypoglossal nerve increased lateral and AP diameters in the oropharynx and velopharynx at negative airway pressures, with more variable effects at positive airway pressures (28) . Stimulation of the medial hypoglossal nerve branches (28) or the genioglossus muscle (9) also increased lateral and AP diameters at negative pressures in the rostral oropharynx (28) and increased AP diameter more than lateral diameter in the midportions of the nasopharynx (9), tending to make the airway more circular. However, the cat airway is more elliptical than the rat airway, with the long axis in the lateral dimension (9, 28) . Stimulation of the genioglossus muscle in human subjects with obstructive sleep apnea increased AP diameter in the velopharynx, although data for lateral diameter were not provided (39) . Although it is tempt- ing to suggest that coactivation of protrudor and retractor muscles would also dilate and change the shape of the human nasopharynx, the actual outcome is difficult to predict owing to differences in airway shape, tongue muscle fiber orientation, fiber type, and myosin heavy chain expression between humans and lower mammals (44) . Taken together, the data suggest that stimulation of the tongue protrudor muscles or coactivation of protrudor and retractor muscles tends to change lateral and AP dimensions, but the effects are dependent on pharyngeal pressure, airway region, and species.
Stimulation of the lateral nerve branches was used to selectively activate the tongue retractor muscles. This maneuver increased AP diameter in the caudal nasopharynx at negative airway pressures, with no effect on lateral diameter or the lateral-to-AP diameter ratio. In the rostral nasopharynx, lateral nerve branch stimulation reduced AP diameter at all pressure levels, with only a slight decrease in lateral diameter at Ϫ6 and Ϫ9 cmH 2 O and no changes in the lateral-to-AP diameter ratio. These observations demonstrate that muscles normally associated with airway constriction can also play a role in expanding the caudal regions of the nasopharyngeal airway. As discussed previously (18) , lateral nerve branch stimulation not only causes tongue retraction but also evokes powerful depression of the tongue base, an action that is likely responsible for increasing the diameter of the caudal nasopharynx. These observations are supported by data in the cat showing that the rostral and caudal oropharynx expands laterally with stimulation of the tongue retractor muscles (28) .
Summary and conclusions. The rat nasopharynx is nearly circular, and positive pharyngeal pressure evokes similar expansion of AP and lateral diameters, maintaining airway shape. In contrast, negative pharyngeal pressure did not change AP or lateral diameter (and, thus, airway shape), suggesting that a negative pressure reflex activated the tongue muscles. Electrical stimulation of tongue protrudor muscles alone or coactivation of protrudor and retractor muscles caused greater AP than lateral expansion, making the shape of the nasopharynx slightly more elliptical, with the long axis in the AP direction. These effects were more pronounced at negative pharyngeal pressures and greater in the caudal than rostral nasopharynx, consistent with greater compliance in the former (45) . These data show that stimulation of rodent tongue muscles can adjust pharyngeal shape, extending previous work showing that tongue muscle contraction alters pharyngeal compliance and volume, and provide physiological insight that can be applied to the treatment of obstructive sleep apnea.
